It is hypothesized that membrane-associated iron in the sickle red cell is of pathophysiologic importance, but the actual existence of such iron in the intact cell has been questioned. Using a strategy whereby membrane iron can be detected through its bioavailability for catalyzing peroxidation, we used phospholipid exchange protein to load membranes of intact erythrocytes (RBC) with -2% phosphatidylethanolamine hydroperoxide (PEOOH) and monitored the development of peroxidation by-products during subsequent incubation. Normal RBC loaded with PEOOH developed very little peroxidation, but vitamin E-replete sickle RBC showed an exuberant peroxidation response that was not seen in cells loaded with control nonoxidized phosphatidylethanolamine. Ancillary studies of sickle RBC revealed that the catalytic iron included both heme iron and free iron located at the bilayer inner leaflet. Significantly, these studies also revealed that peroxidation after PEOOH loading is promoted by cellular dehydration and inhibited by hydration, thus identifying a dynamic interaction between hemoglobin (sickle > normal) and membrane lipid. High-reticulocyte control RBC and sickle trait RBC behaved exactly like normal RBC, while HbCC RBC and RBC having membranes gilded with hemoglobin iron because of prior exposure to acetylphenylhydrazine showed an abnormal peroxidation response like that of sickle RBC. Indeed, the peroxidation response of RBC loaded with PEOOH paralleled amounts of iron measured on inside-out membranes prepared from them (r = 0.783, P < 0.01). These studies corroborate existence of membrane-associated heme and free iron in the intact sickle cell, and they document its bioavailability for participation in injurious peroxidative processes. That association of cytosolic sickle hemoglobin with membrane lipid is modulated by cell hydration status provides a mechanism that may help explain increased development of oxidative membrane lesions in abnormally dehydrated sickle RBC regardless of the mechanism underlying their formation. (J. Clin. Invest. 1992. 90:2327-2332
Introduction
It is hypothesized that membrane-associated iron in the sickle red cell is of pathophysiologic importance, but the actual existence of such iron in the intact cell has been questioned. Using a strategy whereby membrane iron can be detected through its bioavailability for catalyzing peroxidation, we used phospholipid exchange protein to load membranes of intact erythrocytes (RBC) with -2% phosphatidylethanolamine hydroperoxide (PEOOH) and monitored the development of peroxidation by-products during subsequent incubation. Normal RBC loaded with PEOOH developed very little peroxidation, but vitamin E-replete sickle RBC showed an exuberant peroxidation response that was not seen in cells loaded with control nonoxidized phosphatidylethanolamine. Ancillary studies of sickle RBC revealed that the catalytic iron included both heme iron and free iron located at the bilayer inner leaflet. Significantly, these studies also revealed that peroxidation after PEOOH loading is promoted by cellular dehydration and inhibited by hydration, thus identifying a dynamic interaction between hemoglobin (sickle > normal) and membrane lipid. High-reticulocyte control RBC and sickle trait RBC behaved exactly like normal RBC, while HbCC RBC and RBC having membranes gilded with hemoglobin iron because of prior exposure to acetylphenylhydrazine showed an abnormal peroxidation response like that of sickle RBC. Indeed, the peroxidation response of RBC loaded with PEOOH paralleled amounts of iron measured on inside-out membranes prepared from them (r = 0.783, P < 0.01). These studies corroborate existence of membrane-associated heme and free iron in the intact sickle cell, and they document its bioavailability for participation in injurious peroxidative processes. That association of cytosolic sickle hemoglobin with membrane lipid is modulated by cell hydration status provides a mechanism that may help explain increased development of oxidative membrane lesions in abnormally dehydrated sickle RBC regardless of the mechanism underlying their formation. (J. Clin. Invest. 1992. 90:2327-2332.) Key words: phospholipid * peroxidation * heme * hemoglobin * oxidant
In providing a permeability barrier for cell membranes, nature has used phospholipids that are partially unsaturated and has concomitantly employed a variety ofprotective mechanisms to limit the access of iron to lipid. Examples include the high affinity association of iron with various chelators, carriers, or storage proteins (e.g., heme, transferrin, ferritin). Nonetheless, the potential fragility oflipid in the presence ofiron and oxygen predicts that opportunities for membrane damage could occur in nature. Indeed, it has been proposed that abnormalities of the sickle erythrocyte (RBC)' illustrate the consequences of iron decompartmentalization (1, 2) . The validity of this hypothesis, however, depends upon the key observation that the sickle membrane appears to be gilded with abnormal deposits of heme2 and nonheme iron (3) (4) (5) (6) (7) (8) (9) . To reach this conclusion, however, investigators have always examined washed membranes derived from RBC that were disrupted by hypotonic lysis. It is disconcerting that the amount of measured membrane-associated hemoglobin, for example, diminishes as such washing proceeds. Thus, it has never been clear that the iron detected in such membrane preparations, even those obtained using washing of heroic proportions (8, 9) , is truly representative of the state of the intact cell. Therefore, we devised a strategy to probe for existence of putative membrane-associated iron deposits. Since its biologic significance would lie in any ability to damage the membrane, we selected an approach that reflects the bioavailability of membrane-associated iron for stimulation of lipid peroxidation. The method uses phospholipid exchange proteins to load membranes of intact RBC with phospholipid hydroperoxide, with monitoring for the subsequent development of secondary (iron-dependent) peroxidation. Our results reveal the association of both heme iron and free iron with the sickle membrane's inner monolayer. They further identify a previously unsuspected dynamic interaction between hemoglobin and membrane lipid, a phenomenon that is greatly exaggerated for sickle compared to normal RBC. (14) . Generation of aldehydic peroxidation byproducts, as evidenced by formation of thiobarbituric acid reactive substances (TBARS), was monitored with correction for development of any non-TBARS chromogen as previously described ( 15) . Immediately before these assays were performed, we added butylated hydroxytoluene and deferoxamine (0.1 mM each) to preclude additional lipid decomposition during the assay itself. These measurements were made in duplicate, and duplicate values always varied by < 4% and usually by only 1%.
Methods
Ancillary studies. We performed several studies using variations of the above methods. In one experiment we compared the effects of loading PEOOH versus PCOOH (made from 16:0,18:2 PC). In other studies, we replaced the soluble deferoxamine used during our standard PEOOH loading procedure with an amount ofSepharose-immobilized deferoxamine having the same iron binding capacity (kindly provided by Dr. Bo Hedlund, Biomedical Frontiers, Minneapolis, MN). In another experiment, we monitored TBARS formation by the mixture of2 mg RBC membrane protein (in the form ofeither intact RBC or insideout membranes prepared as described previously [81) and 14 mg phospholipid (in the form of liposomes composed of 2% PCOOH and 98% 16:0,18:2 PC) in the absence ofexchange protein. One experiment was performed using sickle RBC that were separated into top 10% and bottom 10% density subpopulations (16) and then loaded with PEOOH. Other experiments compared TBARS generation by PEOOH-loaded normal and sickle RBC suspended in deferoxaminecontaining Hepes buffer having 290, 200, or 154, and 350 mosmol/ liter; control experiments (not shown) clearly documented that the amounts of RBC lysis occurring in these studies had no influence on amount of TBARS generation.
Membrane iron. To determine amounts of iron on washed RBC membranes in the conventional manner, we used the method that provides the cleanest possible RBC ghosts, that described by Kuross et al. (8) . These were then converted to exhaustively washed inside-out membranes (IOM) exactly as described (8) and were used to determine amounts of membrane-associated heme (generic) and nonheme iron from absorbance at 398 nm in formic acid and from reactivity with ferrozine, respectively (8, 9) .
Statistical analysis. Statistical comparisons used Student's t test, paired or unpaired as appropriate.
Results
Sickle versus normal RBC. Fig. 1 depicts the spontaneous generation ofTBARS from normal and sickle RBC incubated for 3 h, with and without prior loading with PEOOH or nonoxidized control PE. Amount of TBARS generation was trivial and virtually identical for normal RBC of all three types (loaded with PEOOH, PE-loaded control, or unmanipulated control). In contrast, TBARS formation by sickle RBC of all three types was abnormal. This amount was virtually identical for unmanipulated sickle RBC and those loaded with PE, and in both cases this amount was two-to threefold greater (P < 0.001) than TBARS formation by normal RBC. Notably, sickle RBC loaded with PEOOH showed exuberant TBARS generation that was threefold greater (P < 0.001 ) than that from either type of control sickle RBC and that was sevenfold greater (P < 0.001 ) than that from the PEOOH-loaded normal RBC. heme, measured in the extensively washed IOM prepared from the RBC used in these studies. These values correspond well with those previously observed for normal and sickle RBC (8, 9 ).
Positive and negative control experiments. Sickle RBC samples are typically enriched in young RBC, so we examined a high reticulocyte ( 15%) control sample from a patient with hereditary spherocytosis. This sample had only normal amounts of IOM iron (Table I) , and when PEOGH-loaded it showed no increased tendency to form TBARS (data not shown).
In contrast, positive control RBC treated with up to 10 mM acetylphenylhydrazine were strikingly abnormal. As measured immediately after this treatment, they had elevated amounts of iron on their IOM (Table I) , and they showed greatly exaggerated TBARS generation in response to PEOOH loading and subsequent incubation (Fig. 2) . Indeed, we found a strong correlation between TBARS generation and IOM total iron for acetylphenyl-hydrazine-treated cells (r = 0.817, P < 0.05) and shown as a function of the total iron (heme plus nonheme) measured in 1GM prepared from these cells (from Table I ).
for RBC samples of all types used in these experiments (r = 0.783, P < 0.01). Liposomes containing 50% LOOH that were incubated by themselves for 3 h in the iron-free buffer used for these studies were perfectly stable and showed no spontaneous peroxidation whatsoever; however, if 10 ,uM iron (as Fe2+/ADP in a 1:2 molar ratio) was deliberately added, they then developed a peroxidation response (data not shown). Notably, liposomes containing either PEOOH or PCOOH were stimulated by precisely the same degree in this regard, indicating equivalent activation of the two LOOH types by iron (data not shown).
Ancillary studies of sickle RBC. To identify which sickle membrane iron compartment( s) provided catalytic iron in the above experiments, we performed several ancillary studies.
We wished to estimate relative contributions of heme iron and free (i.e., chelatable) iron to this catalytic ability. For this we modified our standard procedure in three experiments so that sickle RBC were loaded with PEOOH (2.2±0.3%) in the presence of Sepharose-immobilized deferoxamine rather than soluble deferoxamine (to preserve our original intention of chelating any iron-contaminating buffers but to avoid any possibility of chelating intracellular iron). In each experiment, the PEOOH-loaded cells were then incubated in one ofthree ways: with soluble deferoxamine, with immobilized deferoxamine, or without any chelator. Those incubated with immobilized chelator manifested identical TBARS formation to those incubated with no chelator, while those incubated with soluble chelator showed 35.0±3.6% lower TBARS formation (P < 0.01). This reveals a significant contribution from free iron as well as from heme iron, and it provides evidence that the catalytic free iron is associated with the inner monolayer.
In an effort to further establish that catalytic iron is associated with the inner rather than the outer monolayer, we performed two types of experiments. In one, we monitored TBARS formation from sickle RBC loaded in parallel with either PEOOH or PCOOH. The peroxidation response was markedly greater for those loaded with PEOOH (Fig. 3) Hours seen when liposomes were exposed to the IOM prepared from these same sickle RBC (Fig. 4) . Finally, we examined RBC for potential interaction between cytosolic Hb and the lipid bilayer. We aliquoted PEOOH-loaded normal and sickle RBC into Hepes buffers having adjusted osmolalities (154 or 200, 290, and 350 mosmol/liter) and monitored their TBARS response over 3 h. In this case, because we were interested in the influence of hemoglobin only, we included deferoxamine in all buffers to eliminate the effect identified above for membrane free iron. Fig. 5 shows both a single experiment and data summarizing three experiments demonstrating that peroxidation response was proportional to buffer osmolality. Compared to RBC at 290 mosmol/liter, those in hypotonic buffer had significantly less TBARS formation (P = 0.018 for normal and P = 0.006 for sickle), and those in hypertonic buffer had significantly greater TBARS formation (P = 0.021 for normal and P = 0.033 for sickle). Although this was true for both normal and sickle RBC, the effect was greatly exaggerated for the HbS-containing cells. For any given buffer osmolality, TBARS generation by sickle RBC greatly exceeded that of normal RBC (P < 0.001 in each case). RBC that were transferred from hypotonic to isotonic buffer part way into the incubation period promptly lost the protective benefit of the hypotonic conditions and nearly doubled their peroxidation rate for the remainder ofthe experiment (Fig. 5, A and B) . It should be noted that control experiments in a model system (RBC ghosts treated with the peroxidant t-butylhydroperoxide) documented that, after it is initiated, peroxidation rate and extent are not influenced at all by buffer osmolality (data not shown). Thus the observed effect of (Fig. 6 ). In the second experiment, we exan containing another mutant Hb that is believed to ii normally with the RBC membrane, HbC. These showed a somewhat exaggerated TBARS response t loading, with marked exacerbation under hyperto tions (evident by comparing data in Table II ter and be-ogenous lipid (in form of liposomes) occurs when the lipof transition somes are exposed to the inner surface of sickle membranes ts). Hence, (i.e., IOM) but not when they are exposed to the outer surface. activation Thus, in aggregate, our results strongly support the inner biwith memlayer association of iron in sickle membranes. se must reRegarding the type of iron on sickle membranes, the presrane phosent data corroborate previous deductions based on less direct d for these evidence ( 1, 2, 8, 9) . Kuross found that nonheme iron is reiot support moved from sickle IOM only by treatment with phospholipase, aerated per-implying an association of free iron with the polar head groups studies can of inner leaflet aminophospholipid (9) . Our present results deposits of confirm association of free iron (i.e., nonheme iron chelatable with deferoxamine) with the inner aspect of the membrane in iese loaded the intact sickle RBC. Indeed, -35% of the catalytic activity ates to the manifested by sickle membranes is provided by iron of this ransbilayer type. It also is likely that membrane-associated hemoglobin is in abnormal proximity to lipid. Studies of washed RBC ghosts previously suggested presence of denatured hemoglobin on sickle membranes (3) (4) (5) (6) (7) (8) . Consistent with this, our results show that iron compounds not chelatable by deferoxamine provide over half the detected catalytic activity. This probably represents hemoglobin iron since the amount of free heme in these membranes is so low (8, 9) , although it is true that the actual location of this free heme (which is not yet known), rather Bottom 10% than its amount, would be the major determinant of its cataTop 1 0%o lytic activity. Catalytic hemoglobin iron could be in the form of deposits of denatured hemoglobin on the membrane or in the -r-*--1 form of soluble (cytosolic) hemoglobin in abnormally close 4 5 proximity to membrane lipid. The latter possibility was suggested by the studies of Eisinger et al. ( 17) Thus, it is particularly intriguing that our data suggest at least some portion of the catalytic activity ascribable to hemoglobin iron, in fact, derives from cytoplasmic hemoglobin. The evidence for this is that catalysis of peroxidation in PEOOHloaded RBC is significantly influenced by cell hydration status, with the elevated cytosolic hemoglobin concentration that accompanies dehydration being harmful and improved hydration being protective. Our study of density-separated sickle RBC subpopulations provides supporting evidence for this interpretation, as does our examination ofRBC containing HbC, another mutant that is believed to interact abnormally with the RBC membrane. This hydration effect reflects a difference in amount ofcatalytic iron available for interaction with PEOOH since our control studies documented that after its initiation, membrane peroxidation proceeds to the same extent regardless of medium osmolality. Ofparticular significance, the influence of cell hydration state on TBARS response is greatly exaggerated for sickle compared to normal RBC. In fact, Eisinger's data also are consistent with the notion that RBC dehydration has a markedly abnormal effect on heme concentration at the membrane/cytosolic interface for sickle RBC compared to normal ( 17 ) . The normalcy we observed for sickle trait cells is consistent with the fact that their cytoplasmic HbS concentration is much lower than that of HbSS RBC (and with the fact that they do not have abnormal iron deposits on their membranes [ 8, 9 ] ). Notably, previous studies documented that cell hydration state governs a unique dynamic interaction between HbS and the membrane cytoskeleton, as evidenced by an influence exerted on microrheologic properties of RBC membranes ( 18, 19) . Remarkably, the present data suggest that this behavior of HbS extends to a reversible association with membrane lipid as well. This phenomenon will require further, detailed study, but these initial observations provide a tantalizing insight into a previously unsuspected aspect ofthe cytosol/membrane interface.
Significantly, the amount of peroxidation induced by PEOOH loading correlated strongly with the quantity of iron measured in extensively washed IOM prepared from these RBC, lending support to the belief that studies of disrupted membranes can be informative if those membranes are suitably prepared (i.e., turned inside-out and extensively washed) (8) . It is conceivable that refinement of the present method might be useful as a measure of membrane iron content, but this would at best provide only semi-quantitative data since the endpoint clearly is influenced by other factors, such as membrane vitamin E content. The sickle samples used herein were specifically chosen from patients known to have normal membrane vitamin E content.
Thus, the present studies indicate that there is abnormal and intimate association of iron (both heme and nonheme)
with the membrane of the intact sickle RBC and that this iron is bioavailable for participation in peroxidative biochemistry.
able artifactual diminution of signal quenching resulting from depletion ofprobe molecules in that portion ofthe lipid bilayer closest to the membrane-bound hemichrome because of its association with clustered band 3 molecules (2).
This may be relevant to development of sickle membrane defects insofar as these derive from pathologic oxidation ( 1, 2) . Notably, the belief that development of oxidative membrane defects precedes (and perhaps causes) formation ofdehydrated cells must now be reexamined since the ability ofcell hydration status to reversibly modulate hemoglobin association with lipid provides a possible mechanism for accelerated development of oxidative membrane lesions in the most dehydrated sickle cells, regardless of the mechanism underlying their formation. Not surprisingly, the peroxidation occurring during use of the present experimental model is accompanied by thiol oxidation (data not shown); whether a similar process underlies development ofthe membrane thiol oxidation observed in unmanipulated sickle RBC ( 1, 2) remains to be seen.
